Abstract Some long non-coding RNAs (lncRNAs) participate in physiological processes that maintain cellular and tissue homeostasis, and thus, the dysregulated expression of lncRNAs is involved in the onset and progression of many pathological conditions. Research has indicated that the genetic knockout of some lncRNAs in mice resulted in peri-or postnatal lethality or developmental defects. Diabetes mellitus (DM) is a major cause of peripheral neuropathy. Our studies showed that the expression levels of lncRNA uc.48+ in the diabetic rat dorsal root ganglia (DRG) and the DM patients' serum samples were increased. It suggested that lncRNA uc.48+ was involved in the pathophysiological process of DM. The aim of this study was to investigate the effects of lncRNA uc.48+ small interfering RNA (siRNA) on diabetic neuropathic pain (DNP) mediated by the P2X 3 receptor in the DRG. The values of the mechanical withdrawal threshold (MWT) and thermal withdrawal latency (TWL) were measured by the von Frey test and Hargreaves' test, respectively. The levels of P2X 3 protein and messenger RNA (mRNA) in the DRG were detected by reverse transcription-polymerase chain reaction (RT-PCR), immunohistochemistry, and western blotting. The experiments showed that the MWT and TWL values in DM rats were lower than those in the control rats. The MWT and TWL values in DM rats treated with lncRNA uc.48+ siRNA were increased compared to those in DM rats, but there was no significant difference between the DM rat group and the DM + scramble siRNA group. The levels of P2X 3 protein and mRNA in the DM DRG were higher than those in the control, while the levels of P2X 3 protein and mRNA in the DG of DM rats treated with uc.48+ siRNA were significantly decreased compared to those in DM rats. The expression levels of TNF-α in the DRG of DM rats treated with uc.48+ siRNA were significantly decreased compared to those in the DM group. The phosphorylation and activation of ERK1/2 in the DM DRG were decreased by uc.48+ siRNA treatment. Therefore, uc.48+ siRNA treatment may alleviate the DNP by inhibiting the excitatory transmission mediated by the P2X 3 receptor in DRG.
Introduction
Peripheral neuropathic pain is initiated by a primary injury or dysfunction in the peripheral nervous system [1] [2] [3] . Peripheral sensitization is a mechanism of causing neuropathic pain. The activation thresholds in nociceptors are downregulated following exposure to inflammatory mediators that induce peripheral sensitization. The global prevalence of diabetes mellitus (DM) in 2011 was approximately 366 million (8.3 %) , and the numbers are expected to increase to 552 million (9.9 %) by 2030 [4] . DM is a major cause of peripheral neuropathy. Diabetic neuropathic pain (DNP) is a direct consequence of abnormalities in the dorsal root ganglia (DRG) [3, 5, 6] . Hyperglycemia destroys the homeostasis of peripheral tissues by damaging nerve fibers [7] . DNP is a result of glucose toxicity associated with local metabolic changes in DM [5, 8] . DNP can be displayed as spontaneous pain, allodynia (pain to normally innocuous stimuli), and hyperalgesia (increased pain perception to noxious stimuli) [5, 6, 9, 10] . One Shouyu Wang and Hong Xu are joint first authors.
third of patients with DNP have painful symptoms such as burning, tingling (Bpins and needles^or paresthesia), shooting (like an electric shock), or lancing (stabbing) [5, 6, 9, 10] . DNP is a chronic peripheral neuropathy and exerts a substantial impact on the quality of life of diabetic patients.
Human protein-coding genes represent only approximately 1.5 % of the DNA or approximately 20,000 genes [11, 12] . This indicates that up to 90 % of eukaryotic genomes are transcribed, generating a large population of non-coding RNAs (ncRNAs) [13] . Based on transcript size, the noncoding RNAs can be divided into small non-coding RNAs (<200 bp) and long non-coding RNAs (lncRNAs; ≥200 nt). The majority of small RNAs, such as microRNAs (miRNAs), are extensively studied. Small ncRNAs are highly conserved and are involved in transcriptional and posttranscriptional gene silencing via specific base pairing with target genes [14, 15] . In contrast, lncRNAs are often poorly conserved at the sequence level and are considered to be transcriptional Bnoise^ [16, 17] . Although the vast majority of lncRNA functions are unclear, there is evidence that some lncRNAs participate in physiological processes that maintain cellular and tissue homeostasis. Thus, the dysregulated expression of lncRNAs is involved in the onset and progression of many pathological conditions [18] [19] [20] [21] . Moreover, one study indicated that the genetic knockout of some lncRNAs in mice resulted in peri-or postnatal lethality or developmental defects [22] . It is possible that the lncRNAs that were previously considered Bjunk DNA^may be essential for life. LncRNAs are being revealed as important components of gene regulatory networks, working in concert with transcription factors and epigenetic regulators of gene expression [23] [24] [25] [26] [27] [28] .
Adenosine-5′-triphosphate (ATP) triggers pain under normal conditions and increases inflammatory-mediated pain [29] [30] [31] [32] [33] [34] [35] . ATP activates P2X cation-permeable ion channel receptors and P2Y G protein-coupled receptors [30, 31, 36] . The P2X receptor family (P2X 1-7 ) has been cloned [30, 31, 36] . The P2X 3 receptor is most highly expressed in a subpopulation of small-diameter primary afferent neurons. The P2X 3 receptor plays a crucial role in pain transmission at peripheral sensory neurons [30, 31, [33] [34] [35] [36] [37] [38] [39] [40] . The expression of P2X 3 protein and messenger RNA (mRNA) is upregulated following chronic constriction injury (CCI) of the sciatic nerve [30, 33-37, 39, 40] . The P2X 3 receptor plays an important role in chronic neuropathic pain [30, 33, 34, [36] [37] [38] [39] [40] . Therefore, the P2X 3 receptor is defined as a suitable target for analgesic drugs. Purinergic signaling is involved in DM [41, 42] . The P2X 3 receptor mediated mechanical allodynia in diabetic neuropathic rats [42] . The uc.48+ is an lncRNA (http://genome. u c s c . e d u / c g i -b i n / h g c ? h g s i d = 4 2 7 9 6 7 6 7 1 _ gIIKDUiyguaFXCbRBiWSM7gFOgqn&c=chr2&o= 20462844&t=20463142&g=ct_Ultra_7128&i=%28null% 29+uc.48). The aim of this study was to investigate the effects of lncRNA uc.48+ small interfering RNA (siRNA) on P2X 3 receptor-mediated DNP.
Materials and methods

Animals and animal groups
Male Sprague Dawley rats (180-230 g) were provided by the Center of Laboratory Animal Science of Nanchang University. The procedures were approved by the Animal Care and Use Committee of Nanchang University Medical School. The animals were housed in plastic boxes in groups of three at 21-25°C. The IASP's ethical guidelines for pain research in animals were followed. All animals were treated in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research in China. Diabetic rat models were induced by an intraperitoneal (i.p.) injection of streptozotocin (STZ) (high-calorie food and a single STZ 65-mg/kg injection for rats) [43, 44] . STZ was dissolved in citrate buffer (pH 4.5). The control animals received buffer. After 7 days, blood samples were obtained from the tail vein, and glycemia was determined using a glucometer. Non-fasting blood glucose >200 mg/dl (11.1 mM) was considered to be DM [43, 44] . At day 14, the animals were killed by CO 2 inhalation, and the L4,5 DRG were removed.
The rats were assigned in a random blinded manner to one of the four following groups: control group (control group), diabetic model group (DM group), uc.48+ siRNA vectortreated diabetic rat group (DM + uc.48+ si group), and DM rats treated with scramble siRNA vector group (DM + scramble si group or DM + negative control siRNA: DM + NC si group). Each group contained 8-10 animals. The uc.48+ siRNA or scrambled control siRNA (100 mg/kg/day) was intraperitoneally (i.p.) injected into rats before the experiment, and then spontaneous pain behaviors were measured at 7 days after STZ injection.
uc.48+ siRNA treatment
The siRNA specific for uc.48+ was purchased from Invitrogen (Carlsbad, CA), with the target sequence of 5′-GGCACTACTACTTGCAGAA-3′. The siRNA oligonucleotides that specifically targeted uc.48+ were used in this experiment [45] . The uc.48+ was knocked down by RNA interference (RNAi) using an Entranster™-in vivo Transfection Reagent [46] . According to the procedure of the transfection reagent, we prepared three different volumes of uc.48+ siRNA (80, 160, and 320 μl) with the same ratio (1:2) of siRNA (μg)/ transfection reagent (μl). We found that the interference effect of uc.48+ siRNA at the concentration of 320 μl was the best. Therefore, we used the uc.48+ siRNA injection at the concentration of 320 μl for subsequent experiments. The prepared solution was injected into the sublingual vein of rats.
Behavioral studies
Thermal hyperalgesia
The latency to hind paw withdrawal from a thermal stimulus was determined by exposing the plantar surface of the hind paw to radiant heat using the Thermal Paw Stimulation System (BME-410C, Tianjin) [44, 47, 48] . Rats were placed in a transparent, square, bottomless acrylic box (22 cm × 12 cm × 22 cm) on a glass plate under which a light was located. After a 30-min habituation period, the plantar surface of the paw was exposed to a beam of radiant heat applied through the glass floor. Activation of the bulb simultaneously activated a timer, and both were immediately turned off by paw withdrawal or at the 25-s cutoff time. A blinded observer tested the hind paw withdrawal in triplicate at 5-min intervals.
Mechanical hyperalgesia
The mechanical nociceptive threshold was evaluated by observing the withdrawal responses to mechanical stimulation using von Frey filaments (Stoelting, Wood Dale, IL, USA) [44, 47, 48] . The von Frey filament was used to apply a linearly increasing pressure once, starting with 0.13 g and continuing until a withdrawal response occurred or the force reached 20.1 g (the cutoff value). The pressure was applied through a cone-shaped plastic tip with a diameter of 1 mm onto the dorsal surface of the hind paws. The tip was positioned between the third and fourth metatarsus, and force was applied until the rat attempted to withdraw its paw (paw withdrawal threshold to pressure). The hind paws were alternated at 2-min intervals. The pain threshold was calculated as the mean of three consecutive stable values, expressed in grams, and was determined by a blinded observer.
Antibodies and reagents P2X 3 antibody was purchased from Alomone Labs, Jerusalem, Israel. The array slides were obtained from Qiagen (Valencia, CA, USA). β-Actin was from Advanced ImmunoChemical, Long Beach, CA. Other antibodies and reagents are described below.
Reverse transcription-polymerase chain reaction
Total RNA was isolated using TRIzol (Invitrogen, Carlsbad, CA, USA), according to the manufacturer's protocol. One thousand nanograms of total RNA was used as a template for reverse transcription using the Applied Biosystems Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). The PCR amplification of the P2X 3 receptor and β-actin (control) was performed according to our previously described method [34] . The oligonucleotides used to amplify the P2X 3 receptor and β-actin were as follows: for P2X 3 , sense 5′-CAACTTCAGGTTTGCCAAA-3′ and antisense 5′-TGAACAGTGAGGGCCTAGAT-3′, and for β-actin, sense 5′-TAAAGACCTCTATGC CAACACAGT-3′ and antisense 5′-CACGATGGAGGGGCCGGACTCATC-3′. The PCR products were amplified using the following cycling parameters: 94°C for 5 min; followed by 35 cycles of 94°C for 45 s, 53°C for 30 s, and 72°C for 40 s; and finally a single cycle at 72°C for 5 min.
Real-time RT-PCR
Total RNA was isolated from DRG using the TRIzol Total RNA Reagent. Complementary DNA (cDNA) synthesis was performed with 2 μg total RNA using the RevertAid™ H Minus First Strand cDNA Synthesis Kit. The primers were designed with Primer Express 3.0 Software (Applied Biosystems), and the sequences were as follows: uc.48+, forward 5′-GCAAACTGGATGAGGAT-3′ and reverse 5′-GTAGTGCCACAAGGAGA-3′. Quantitative PCR was perBiosystems Inc., Foster City, CA). The quantification of gene expression was performed using the ΔΔCT calculation with CT as the threshold cycle. The relative levels of target genes, normalized to the sample with the lowest CT, were given as 2 −ΔΔCT [45] .
Immunohistochemistry
Immunohistochemical staining was performed using an SP-9001 kit (Beijing Zhongshan Biotech Co.) according to the manufacturer's instructions. Briefly, the animals were anesthetized with sodium pentobarbital, and the DRG were removed [34] . The isolated rat DRG were washed with phosphatebuffered saline (PBS). After being fixed with 4 % paraformaldehyde (PFA) for 24 h, the ganglia were dehydrated by 20 % sucrose overnight at 4°C, and then the ganglia were cut into 20-μm-thick sections on a cryostat. After washing with PBS three times, the preparations were incubated in 3 % H 2 O 2 for 10 min to block the endogenous peroxidase activity and then with 10 % goat serum for 30 min at room temperature to block non-specific antigen binding. After rinsing and washing in PBS, the blocked sections were incubated with rabbit anti-P2X 3 (1:2500 diluted in PBS; Alomone Labs, Jerusalem, Israel) overnight at 4°C. After three rinses in PBS, the sections were incubated with a biotinylated goat anti-rabbit secondary antibody (Beijing Zhongshan Biotech Co.) for 1 h at room temperature. The preparations were washed in PBS, and then streptavidin-horseradish peroxidase (Beijing formed using the SYBR® Green Master Mix in an ABI PRISM® 7500 Sequence Detection System (Applied Zhongshan Biotech Co.) was added for 30 min. After development in the diaminobenzidine chromogen for 2 min, the slides were washed with distilled water and cover slipped. After immunohistochemistry, an image scanning analysis system (HMIV-2000, Wuhan) was used to analyze the changes in the levels integrated optical density (IOD) of P2X 3 in the ganglia. The background was determined by averaging the optical density of 10 random areas.
Western blotting
The animals were anesthetized with sodium pentobarbital, the DRG were dissected, and approximately 6-10 samples were harvested from each rat. The DRG were isolated immediately and rinsed in ice-cold phosphate-buffered saline (PBS) [48] . After dilution with the sample buffer (250 mmol/l Tris-Cl, 200 mmol/l dithiothreitol, 10 % sodium dodecyl sulfate (SDS), 0.5 % bromophenol blue, 50 % glycerol) and heating to 95°C for 10 min, 20-μg samples of total protein were separated using 10 % (for P2X 3 receptor analysis) SDS-polyacrylamide gel electrophoresis and transferred onto a polyvinylidene difluoride membrane. After incubation with a primary antibody against the P2X 3 receptor (1:1000, Chemicon International, Inc., USA), the membrane was incubated with peroxidaseconjugated secondary antibodies (Cell Signaling Technology, Danvers, MA, USA). Immunodetection was performed using the Pierce-enhanced chemiluminescence substrate (Thermo Scientific, Waltham, MA, USA). β-Actin antibody (1:10,000 Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used as a loading control. The band densities were normalized to each β-actin internal control.
Clinical samples, serum RNA isolation, and RT-PCR Eight healthy subjects were enrolled from the Blood Center of Jiangxi Province. Eight patients fulfilling the American Diabetes Association (ADA) diagnostic criteria for T2DM were recruited from the First Affiliated Hospital of Nanchang University. Following local ethics committee approval, written informed consent was obtained from each individual. Subjects showing DNP complications were asked to participate in the study. Blood samples obtained from all patients were collected and allowed to coagulate for 30 min at room temperature and centrifuged for 10 min at 1300×g. The collected sera were centrifuged for another 10 min at 3000×g to remove any remaining cellular components, divided into 500-μl aliquots, and stored immediately at −80°C.
Total RNA was isolated from serum using the RNApure Circulating Reagent (CWBIO, Beijing, cat. no. CW2281), with some modifications. Briefly, 300 μl of serum was added to three volumes of RNApure Circulating Reagent, mixed thoroughly by vortexing, and left to stand at room temperature for 5 min. Next, one-fifth volume of chloroform was added, shaken vigorously for 30 s, incubated for 5 min at room temperature, and centrifuged for 20 min at 12,000×g at 4°C. The upper aqueous phase was transferred to a new collection tube, and one volume of isopropanol was added, mixed thoroughly for 30 min at room temperature, and centrifuged for 20 min at 12,000×g at 4°C. The precipitate was washed twice with 1 ml of 75 % ethanol (dilute with DEPC water). RNA was eluted by 20 μl of RNase-free water. The quality of the RNA was profiled using NanoDrop 2000 (Thermo Scientific, USA).
Next, 1000 ng of total RNAwas used as a template for reverse transcription using the RevertAid First Strand cDNA Synthesis Kit (Thermo, USA). PCR amplification of uc.48+ and GAPDH (control) was performed according to our previous method using oligonucleotides as described in [34] . The following primers were used: uc.48+ sense 5′-GCAAACTGGATGAGGAT-3′ and antisense 5′-GTAGTGCCACAAGGAGA-3′, and GAPDH sense 5′-CAGGGCTGCTTTTAACTCTGGT-3′ and antisense 5′-GATTTTGGAGGGATCTCGCT-3′. The length of the PCR product was 231 bp for uc.48+ and 199 bp for GAPDH. The PCR conditions of uc.48+ and GAPDH included a hot start at 94°C for 3 min, 45 s denaturation (94°C), 45 s annealing (57°C), and 45 s extension (72°C) for 36 or 32 amplification cycles as well as a 5-min final extension at 72°C. The PCR products were run on 1.5 % agarose gels with EB using standard protocols. These results were expressed as the ratio of the uc.48+ band intensity/GAPDH band intensity. Data were analyzed using Image-Pro Plus software.
Statistical analysis
The data were statistically analyzed on a computer (SPSS 11.5). All results are expressed as the mean ± SE. Statistical significance was determined by one-way analysis of variance (ANOVA) followed by Fisher's post hoc test for multiple comparisons. p < 0.05 was considered significant.
Results
Changes in uc.48+ expression in the DM rat DRG and the DM patients' serum samples
The expression of the lncRNA uc.48+ in the rat DRG was tested by real-time PCR. The results showed that the expression levels of lncRNA uc.48+ in the DM DRG were increased by threefold in comparison with those in the control (p < 0.01; Fig. 1a) , while the expression of uc.48+ in rats treated with uc.48+ siRNA (320 μl) was decreased by 60 % compared to that in the DM group (p < 0.01). The expression of the lncRNA uc.48+ in DM patients' serum samples was tested by reverse transcription-polymerase chain reaction (RT-PCR). The levels of uc.48+ in the serum from DM patients with neuropathic pain complications were increased by threefold than those in the healthy control subjects (p < 0.05, n = 8 for each group; Fig. 1b) . These results indicated that uc.48+ was involved in the pathophysiological process of DM.
Effects of uc.48+ siRNA on mechanical or thermal hyperalgesia in DM rats
The mechanical withdrawal threshold (MWT) was measured. The MWT in the DM group was decreased by 50 % compared with that in the control group (p < 0.001). The MWT in DM rats treated with uc.48+ siRNAwas twofold higher than that in the DM rats (p < 0.001) (Fig. 2a) . There was no difference between the DM group and DM + NC siRNA group (p > 0.05). The above results showed that uc.48+ siRNA inhibited pain behaviors by increasing the mechanical hyperalgesia threshold in DM rats.
The thermal withdrawal latency (TWL) was also measured. The TWL in the DM group was decreased by 46 % compared to that in the control group (p < 0.001). The TWL in DM rats treated with uc.48+ siRNAwas increased by 46.5 % compared with that in the DM rats (p < 0.001) (Fig. 2b) . There was no difference between the DM group and DM + NC siRNA group (p > 0.05). The above results revealed that uc.48+ siRNA treatment also elevated the thermal hyperalgesia threshold in DM rats, suggesting that uc.48+ siRNA treatment may relieve neuropathic pain.
Effects of uc.48+ siRNA on the expression levels of P2X 3 immunoreactivity, mRNA, or protein in the DRG of DM rats
The immunoreactivities of the P2X 3 receptor in the DRG were detected using immunohistochemistry. Image analysis revealed that the intensity values (integrated optical density) of P2X 3 expression in the DM group were increased by 1.6-fold compared to those in the control group (p < 0.01, n = 8 for each group). The intensity values of P2X 3 expression in DM rats treated with uc.48+ siRNA were significantly decreased by Fig. 1 Changes in uc.48+ expression in DM. a Real-time PCR experiments showed the expression of the lncRNA uc.48+ in the rat DRG. The expression of lncRNA uc.48+ in the DM DRG was threefold higher than that in the control group, while the expression of uc.48+ in rats treated with uc.48+ siRNA (320 μl) was decreased by 60 % compared to that in the DM group (a; **p < 0.01 compared with the control group, ##p < 0.01 compared with the DM group). b, c The expression of lncRNA uc.48+ in DM patients' serum samples was tested by RT-PCR. The levels of uc.48+ in the serum from DM patients with neuropathic pain complications were threefold higher than those in the healthy control subjects (b, c; *p < 0.05 compared with the control group, n = 8 for each group) Fig. 2 Effect of uc.48+ siRNA on the mechanical withdrawal threshold or thermal withdrawal latency in DM rats. a The mechanical withdrawal threshold (MWT) was measured. The MWT in DM rats treated with uc.48+ siRNA was higher than that in DM rats (p < 0.001). There was no difference between the DM group and DM + scramble siRNA group (DM + negative control siRNA: DM + NC si group) (p > 0.05). The upper limit of mechanical withdrawal threshold (MWT) detection was 26.0 g. Mean ± SEM, n = 8. ***p < 0.001 compared to the control group; ### p < 0.001 compared to the DM group. b The thermal withdrawal latency (TWL) was measured. The TWL in DM rats treated with uc.48+ siRNA was higher than that in DM rats (p < 0.001). There was no difference between the DM group and DM + scramble siRNA group (DM + NC si group) (p > 0.05). The upper limit of the thermal withdrawal latency detection was 30 s. Mean ± SEM, n = 8. ***p < 0.001 compared to the control group; ### p < 0.01 compared to the DM group 1.5-fold compared to those in the rats in the DM group (p < 0.01, n = 8 for each group). No difference in the intensity of DRG P2X 3 expression was found between the DM group and DM + scramble siRNA group (p > 0.05, n = 8 for each group) (Fig. 3a, b) . These results indicated that uc.48+ siRNA treatment might decrease the expression of DRG P2X 3 immunoreactivities in DM rats.
The expression levels of P2X 3 mRNA in the DRG of each group were studied by RT-PCR. Using image analysis, the levels (average optical density) of P2X 3 mRNA in the DM group were about 1.7-fold higher than those in the control group (p < 0.05, n = 8 for each group). The levels of P2X 3 mRNA in DM rats treated with uc.48+ siRNA were significantly decreased by 1.5-fold compared to those in the DM group (p < 0.05, n = 8 for each group). There were no differences in the expression of P2X 3 mRNA when comparing the DRG from the DM group and DM + scramble siRNA group (p > 0.05, n = 8 for each group) (Fig. 3c, d ). These results indicate that uc.48+ siRNA treatment may reduce the upregulated expression of P2X 3 mRNA in the DRG of DM rats.
The expression of P2X 3 protein in the DRG was further studied by western blotting. Using image analysis, the levels (average optical density) of P2X 3 protein (normalized to each β-actin internal control) in the DM group were about 1.6-fold higher than those in the control group (p < 0.05, n = 8 for each group). The levels of P2X 3 protein in DM rats treated with uc.48+ siRNA were about 1.6-fold lower than those in the DM group (p < 0.05, n = 8 for each group). There were no differences in the expression of P2X 3 protein when comparing the DRG from the DM group and DM + scramble siRNA group (p > 0.05, n = 8 for each group) (Fig. 3e, f) . These results reveal that uc.48+ siRNA treatment may decrease the expression of DRG P2X 3 protein in DM rats.
Effects of uc.48+ siRNA on the expression of TNF-α protein in the DRG of DM rats
The levels of TNF-α protein in the DRG were analyzed by western blotting. Using image analysis, the levels of TNF-α protein (normalized to each β-actin internal control) in the DM group were significantly augmented by 1.6-fold compared to those in the control group (p < 0.01). The relative levels of TNF-α protein in the DM + uc.48+ siRNA group were 1.6-fold lower than those in the DM group (p < 0.01) (Fig. 4) . There were no differences in the expression of TNF-α protein when comparing the DRG from the DM group and DM + scramble siRNA group (p > 0.05, n = 8 for each group) (Fig. 4) .
Effects of uc.48+ siRNA on the levels of ERK1/2 and p-ERK1/2 in the DRG of DM rats
The phosphorylation and activation of ERK1/2 participated in neuropathic pain. The levels of ERK1/2 and p-ERK1/2 in the DRG were analyzed by western blotting. The integrated optical density (IOD) ratio of ERK1/2 to β-actin was not Fig. 3 Effect of uc.48+ siRNA on the expression of P2X 3 immunoreactivity, mRNA, or protein in the DRG of DM rats. a, b P2X 3 immunoreactivity in the DRG was detected using immunohistochemistry. Image analysis revealed that P2X 3 expression (integrated optical density) in the DM group was higher than that in the control group (p < 0.01, n = 8 for each group). The P2X 3 expression in DM rats treated with uc.48+ siRNA was significantly lower than that in the DM group. There were no differences in P2X 3 expression between the DM group and DM + scramble siRNA group (DM + NC si group). Mean ± SEM, n = 8. **p < 0.01 compared to the control group; ## p < 0.01 compared to the DM group. c, d The expression of P2X 3 mRNA was examined using RT-PCR. Image analysis revealed that the levels (integrated optical density) of P2X 3 mRNA (normalized to each β-actin internal control) in the DM group were higher than those in the control group. The levels of P2X 3 mRNA in DM rats treated with uc.48+ siRNA were significantly decreased compared to those in the DM group. There were no differences in the levels of P2X 3 mRNA between the DM group and DM + scramble siRNA group (DM + NC si group) (p > 0.05). Mean ± SEM, n = 8. **p < 0.01 compared to the control group; ## p < 0.01 compared to the DM group. e, f The expression of P2X 3 protein in the DRG was examined using western blotting analyses. Image analysis revealed that the levels (integrated optical density) of P2X 3 protein (normalized to each β-actin internal control) in the DM group were higher than those in the control group. The levels of P2X 3 protein in DM rats treated with uc.48+ siRNA were significantly lower than those in the DM group. There were no differences in the levels of P2X 3 protein between the DM group and DM + scramble siRNA group (DM + NC si group). Mean ± SEM, n = 8. **p < 0.01 compared to the control group; ## p < 0.01 compared to the DM group significantly different between the four groups (p > 0.05). However, the IOD ratio of p-ERK1/2 to ERK1/2 (n = 8) in the DM group was 3.5-fold higher than that in the control group (p < 0.001, n = 8 for each group) (Fig. 5) . The results indicated that the role of ERK phosphorylation in the DRG was related to the P2X 3 receptor-mediated hyperalgesia in DM rats.
In addition, we examined whether the administration of uc.48+ siRNA could affect the phosphorylation of ERK in the DM DRG. The IOD ratio of p-ERK1/2 to ERK1/2 in the DM rats treated with uc.48+ siRNA was significantly reduced by 3.5-fold compared to that in the DM group (p < 0.001, n = 8 for each group). There were no differences in the IOD ratio of p-ERK1/2 to ERK1/2 between the DM group and DM + scramble siRNA group (p > 0.05, n = 8 for each group) (Fig. 5) . Taken together, these results suggest that uc.48+ siRNA treatment may contribute to decreasing the phosphorylation and activation of ERK1/2 in the DRG of DM rats to alleviate P2X 3 receptor-mediated hyperalgesia.
Discussion
Up to 90 % of eukaryotic genomes are transcribed, generating a large population of non-coding RNAs (ncRNAs) [11, 13] . The functions of most lncRNAs are not known; there is evidence that some lncRNAs have roles in physiological processes. The reports showed that the dysregulated expression of lncRNAs participated in the onset and progression of many pathological conditions [18] [19] [20] [21] . In this study, the results showed that the expression of lncRNA uc.48+ in the DM DRG was much higher than that in the control. It suggested that lncRNA uc.48+ was involved in the pathophysiological Fig. 4 a, b Effects of uc.48+ siRNA on the expression of TNF-α protein in the DRG of DM rats. Image analysis revealed that the levels (integrated optical density) of TNF-α protein (normalized to each β-actin internal control) in the DM group were higher than those in the control group. The levels of TNF-α protein in DM rats treated with uc.48+ siRNA were significantly lower than those in the DM group. There were no differences in TNF-α protein expression between the DRG from the DM group and DM + NC si group. Mean ± SEM, n = 8. **p < 0.01 compared to the control group; ## p < 0.01 compared to the DM group Fig. 5 Effects of uc.48+ siRNA on the levels of ERK1/2 and p-ERK1/2 in the DRG of DM rats. The levels of ERK1/2 and p-ERK1/2 in the DRG were analyzed using western blotting analyses. The integrated optical density (IOD) ratio of ERK1/2 to β-actin was not significantly different between the four groups (p > 0.05). The IOD ratio of p-ERK1/2 to ERK in the DM group was higher than that in the control group. The IOD ratio of p-ERK1/2 to ERK in the DM rats treated with uc.48+ siRNA was significantly lower than that in the DM group. There was no difference in the IOD ratio of p-ERK1/2 to ERK between the DM group and DM + scramble siRNA group. Mean ± SEM, n = 8. ***p < 0.001 compared to the control group; ### p < 0.001 compared to the DM group process of DM DRG. The results also showed that the concentration levels of serum uc.48+ in T2DM patients with DNP complication were much higher compared to those in control healthy subjects. This finding further made sure that uc.48+ might be related to the pathological changes of T2DM. LncRNAs are being revealed as important components of gene regulatory networks [23] [24] [25] [26] [27] [28] . It was reported that lncRNAs may control protein targeting to genomic loci and epigenetic silencing and may serve as scaffolds for multiple proteins [28] . It is not clear whether there is a protein target for lncRNA uc.48+ in the pathophysiological process of DM DRG.
A common phenotype of diabetic peripheral neuropathy is DNP [6, 49, 50] . DNP predominantly involves the lower limbs, specifically the foot, and in some cases, the upper extremities may be involved, including the fingertips and palms [5, 6, 9, 51, 52] . This study demonstrated that the threshold values of mechanical and thermal pain sensitivity in the DM rat models were decreased compared to those in the control rats. These results indicate that thermal hyperalgesia and abnormal mechanical hyperalgesia are enhanced in DM rats following the diabetic peripheral neuropathic lesions. In addition, the MWT and TWL in DM rats treated with uc.48+ siRNA were significantly higher than those in the DM model rats. The results suggested that uc.48+ siRNA treatment has an inhibitory action on mechanical and thermal hyperalgesia in DM rats. What is the mechanism by which uc.48+ siRNA treatment produces an inhibitory action on mechanical and thermal hyperalgesia in the DM rats?
In a genome-wide analysis of gene expression in STZinduced diabetic rats, the confirmed gene changes were associated with inflammation [5, 6] . DM is often accompanied by a low-grade inflammation. ATP increases inflammatorymediated pain [29] [30] [31] [32] [33] [34] [35] . The P2X 3 receptor is expressed in the small-diameter primary afferent neurons and has an important role in pain transmission [30, 31, [35] [36] [37] [38] [39] . Studies have also shown that damage to peripheral nerves in the neuropathic pain state can increase the expression of the P2X 3 receptor [30, 31, [35] [36] [37] . Our experiments showed that the expression of P2X 3 protein and mRNA in the DM DRG is increased compared to controls. This is similar to other reports, which showed that the P2X 3 receptor mediated mechanical allodynia in diabetic neuropathic rats [41, 42] . Meanwhile, our studies also revealed that the expression levels of P2X 3 protein and mRNA in DM rats treated with lncRNA uc.48+ siRNA were significantly decreased in the DRG compared to DM rats. Therefore, uc.48+ siRNA treatment may relieve the P2X 3 receptor-mediated DNP in DRG primary sensory neurons.
Pro-inflammatory cytokines, such as TNF-α, have an important role in the initiation and maintenance of neuropathic pain [53] . Our results showed that the expression of TNF-α in the DRG of DM rats was increased compared to that in the control group. Previous reports indicated that TNF-α potentiated P2X 3 receptor-mediated pain sensations [54] . The expression of TNF-α in the DRG of DM rats treated with uc.48+ siRNA was significantly decreased compared to that in the DM group. Pro-inflammatory cytokines exacerbate mechanical and thermal hyperalgesia in the DM rats. The expression of TNF-α in the DRG of DM rats was decreased by uc.48+ siRNA treatment, which relieved P2X 3 receptormediated DNP in DM rats. Activation of the ERK pathway is involved in P2X receptor-mediated pain transmission [54, 55] . Our results revealed that the IOD ratio of p-ERK1/2 to ERK1/2 in the DRG of the DM group was higher compared to that in the control group. After the administration of uc.48+ siRNA, the IOD ratio of p-ERK1/2 to ERK1/2 in DM rats treated with uc.48+ siRNA was significantly decreased compared to that in the DM group. Thus, uc.48+ siRNA treatment may decrease the phosphorylation and activation of ERK1/2 in the DRG of DM rats and then relieve P2X 3 receptormediated hyperalgesia.
Conclusions
In summary, uc.48+ siRNA treatment decreased the upregulated expression of the P2X 3 receptor and the phosphorylation and activation of ERK1/2 in the DM DRG. Then, the thermal and mechanical hyperalgesia in DM rats was decreased. The results indicate that uc.48+ siRNA treatment may alleviate the DNP by inhibiting the excitatory transmission mediated by the P2X 3 receptor in DRG primary sensory neurons.
